Abstract-Unrepeatered transmission has seen a substantial advance in recent years, largely due to the development of advanced optical fibers and amplifier technologies. Here, the potential, limitations and practicalities of digital nonlinearity compensation to build on this development are explored.
I. INTRODUCTION Unrepeatered transmission covers a wide range of optical communications systems, including optical access, submarine, and optoelectronically regenerated networks. The common goal in all such networks is to jointly increase the transmission distance and throughput.
In single span experiments to date, this has been approached, in part, by improving the transmission medium itself through low loss, large effective area/low nonlinearity optical fibers and/or hybrid fiber spans [1] , [2] . However, the most significant strides in performance have been due to amplifier technology, including the development of rare earth doped fiber amplifiers (e.g., the erbium doped fiber amplifier (EDFA)), forward-and backward-pumped stimulated Raman amplification [3] , higher order Raman amplification [4] , ultralong Raman fiber lasers [5] , and remotely pumped optical amplifiers (ROPA) [6] , [7] .
One final technology to note is the digital coherent receiver. The linear detection characteristic of phase-and polarizationdiverse coherent receivers allows the full optical field to be mapped to the digital domain, enabling spectrally efficient advanced modulation formats, such as dual polarization m-ary quadrature amplitude modulation (DP-mQAM). Digital signal processing (DSP) can then be applied to compensate linear channel impairments, such as polarization mode dispersion, chromatic dispersion, and laser phase noise. Additionally, digital coherent receivers can be used to apply digital nonlinearity compensation (NLC) to the received signal, providing further scope to improve transmission performance.
NLC algorithms have almost exclusively been applied to multi-span optical networks. For the relatively small set of published research exploring NLC for passive optical networks in general, the nonlinear equalization has mainly used either Volterra filtering [8] , or a simplified digital back-propagation (DBP) implementation [9] ; exploiting, in both cases, the limited channel memory of particularly short single span links.
Unrepeatered transmission systems can exhibit unusual signal power profiles due to both ROPA and Raman amplification. Typically, for EDFA-based systems, DBP is implemented using a monotonically decreasing power profile, as is usually seen in multi-span systems. Matching the true signal power profile in single span Raman-amplified systems is crucial if the full gain of DBP is to be achieved. In the last year, there have been two notable experimental demonstrations of a full field, multi-channel, DBP algorithm for ultra-long single span transmission systems which correctly meet this requirement.
The first is the recent, record-breaking work [2] , which used multi-channel transmitter-side DBP to enable a Q-factor gain of 0.8 dB. In conjunction with the optimised hybrid fiber span, Raman amplification and ROPA, this achieved a record 20.7 Tb/s over 400 km (although the DBP gain was reduced for the high capacity demonstration). The second notable demonstration used forward-and backward-pumped Raman amplification and receiver-based DBP to achieve approximately 2 dB Q-factor gain [3] .
Although transmitter-side DBP is theoretically optimum for single span transmission [9] , [10] , one must take account of the noise introduced by the transmitter and receiver to truly optimise nonlinearity compensation 1 [11] . This is possibly why, to date, superior gains have been shown using receiver-side DBP for single span. In the following section, the transmission system employing receiver-side DBP [3] is taken as a case study to explore digital NLC in unrepeatered links.
II. DBP ALGORITHMS FOR RAMAN-AMPLIFIED SPANS
Consider the single span transmission system shown in Fig. 1 , comprising the transmission of 7 × 10 GBd Nyquistspaced DP-16QAM channels over a second-order forward-and backward-pumped Raman amplified span (details in [3] ). A typical second order Raman signal power profile is shown in Fig. 2 . In contrast to transmission without distributed amplification (fiber attenuation only, as also shown in Fig. 2) , the signal power exhibits peaks near the beginning and end of the span, which must be modelled by DBP.
Incorporating this power profile into the standard DBP algorithm (as in [13] ), and applying DBP to all 7 channels, the achievable information rate (AIR) of the central channel -here defined as the estimated mutual information using an additive Gaussian noise auxilliary channel [3] -increases as a function of the number of nonlinear steps used for DBP, as shown in Fig. 3 . Interestingly, due to the distributed gain and nonlinear interference, the Raman-amplified span requires a greater number of nonlinear steps to achieve optimum performance than the equivalent transmission system without Raman amplification (EDFA only).
From this it can be concluded that, although the performance gain afforded by DBP is comparable for both EDFAand Raman-amplified transmission spans, the complexity of a constant nonlinear step size implementation of DBP is significantly greater for Raman than EDFA, due to the fluctuating power profile. For EDFA-based systems, simplified, logarithmic step size DBP algorithms have been used to exploit the distribution of nonlinear interference throughout the span. For Raman-amplified spans, one approach to remedy this issue is to simplify the power profile, and then apply similar approximations. An approximated power profile is shown in Fig. 2 , which achieves the same gain as the true power profile, and represents a first step towards a simplified DBP for unrepeatered systems.
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